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1. Introduction

The formation and study of carbon and hydrocarbon species on
single crystal transition metal surfaces is important to a
mechanistic understanding of catalytic methanation and Fischer-
Tropsch synthesis [1]. This has motivated many studies of the
adsorption and decomposition of ethylene and acetylene on metal
surfaces, by many different techniques, including laser induced
desorption (LID), low energy electron diffraction (LEED), infra red
(IR}, temperature programmed desorption (TPD), Auger electron
spectroscopy (AES), ultraviolet and x-ray photoelectron
spectroscopy (UPS and XPS), and high resolution electron energy
loss spectroscopy (HREELS) [recent works can be found in refs. 2-
4). Similar techniques have been used to study the catalytic
methanation reaction, 3H: ¢+ CO = CH¢ ¢+ H;0 [5, 6 and references
therein].

Of these many techniqueg, AES has been particularly useful for
déternining the total carbon coverage (2,5,7)], and also for
characterizing the surface carbon (carbidic or graphitic) (5,61},
which appears at higher temperatures in the decomposition of
hydrocarbons or methanation on the surface. AES has, however, the
potential to provide much more, namely, chemical and bonding
information on some of the intermediates in hydrocarbon fragments
or in methanation. The C KVV Auger line shape, for example, should
reflect the type of C-metal bonding (e.g. n or di-oc bonding) of
small hydrocarbons to the surface, as well as indicate something
about the nature of various CHx species. Despite all of the other
techniques utilized, it remains difficult to unambiguously

determine the chemical nature, the mode of bonding, and the
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geometry of the adsorbed molecules, so that additional supporting
information from AES might be extremely useful.

AES has not realized its full potential because of the
complexity in quantitatively interpreting the various Auger line
shapes, not ;ecauae of the lack of AES data. Auger line shapes
have been reported for several chemisorbed systems. S8almeron et
al. [8) reported AES data for chemisorbed atoms (0, S, N, and C) on
Cu, Ni, and Fe, and noted the presence of features due to
interatomic trangitions involving deexcitation of the initial
adsorbate core hole from electrons in the subatrate valence band.
Netzer [9] reviewed the literature on AES of chemisorbed molecules
as of 1981, summarizing the data for CO, NO, NH;, CsH,, C3N;, and
CeHs chemisorbed on metal surfaces. He noted the presence of
intermolecular features in the spectra, and the decrease in the
hole-hole repulsion energies of the intramolecular features. He
also indicated the need for a level of interpretation beyond the
“fingerprinting” technique to understand the changes introduced by
the presence of the substrate and the surface chemical bond. More
recently Kamath et al. [10]) reported C, N, and O KVV Auger
derivative (dN(E)/dE) "fingerprints” for O3, H3O, CH3OH, HCHO, CO,

N1, NH,, CH3;NH;, and (CH,):NH chemisorbed on Ni, Cu, Pd, or Ag.

4.

Houston et al. [6) reported the "carbidic” snd "graphitic” Auger

line shapes for_the surface species arising from the reaction of CO []

O

with Ni(100) and Ni(111) at different temperatures. Most relevant

to the present work, Koel [4,11]) has recently presented the C KVV

line shapes for C;Hs on Ni(100) at a temperature of 100 K and the

|

various decomposition products at 250, 300, and 600 K. He noted
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that the ethylenic line shape at 100 K and carbidic line shape at les
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600 K are very similar to those for ethylene and methane,
reapectively, except for large energy shifts [4].

Recently, we reported detailed and quantitative
interpretations of the C KVV Auger line shapes of graphite {12},
diamond (13], and polyethylene {14], and for the gas phase
molecules, methane, ethane, ethylene, benzene, and cyclohexane
{15). These interpretations revealed the presence of satellites
arising from resonant excitation, i{nitial-state shake, and final-
state shake. The principal line shape also revealed the presence
of hole~hole correlation effects. These complexities make it
understandable why the line shapes for the chemisorbed species were
not previously interpreted in detail., MHowever, we are now in a
position to provide near quantitative interpretations of these line
shapes.

We present detailed interpretations of the ethylenic,
acetylenic, and graphitic C KVV Auger line shapes in this work. An
interpretation of the carbidic line shapes will be published
elsewhere [16). The most significant results of this work can be
summarized briefly as follows:

1) Although the adsorbate vs. comparable gas phase Auger line
shapes exhibit some similar featurea, the line shapes are largely
shifted in energy and are the sum of very different principal and
satellite components due to screening via charge transfer from the
metal.

2) The o and n bonds, which bond the adsorbate to the substrate,

is reflected directly in the Auger line shape of the adsorbate.




2. The ethylene vs. ethylenic line shapes,

2.a8. The ethylene line shape

We have interpreted the gas-phase ethylene line shape
previously [15). The e;perinentnl KVV line shape [17], our
theoretical result, and the various components are shown in Fig. la
and summarized in Table 1. We refer to the satellite components as
the ke-vve, kv-vvv, and k-vvv components, arising from resonant
excitation, initial-state shake, and final-state shake,
respectively. The notation here indicates 'the particles in the
initial and final state before and after the hyphen. The "k"
refers to the initial 1s core hole, the "e” to the resonantly-
excited bound electron, and the "v" to a valence hole created
either by the shakeoff process or by the Auger decay. We use kvv
to indicate the principal or normal Auger contribution to
differentiate it from the total KVV experimental line shape. We
use kvv rather than k-vv to be consistent with that used
historically.

The principal kvv line shape is obtained by applying the
expression (157,

N(E) = B Zi1+[R) Rir Puiir A(E48aa+,8Una,pi010) ). (1)

Here A is the Cini expression [18},

A(E#8a3+,8Uax,pR1,p10) =

P ¥pa (2)

{1-AUaa+ I(E)]® ¢ {[AUaas ©m prtp1r]?
applied to the self-fold of the one-electron density of states (DOS
= pi),
pitor’ = fei(B-e)pi(c) de. 3

The sum is over the components 11' (i.e. the o.30,, Os80y, outm,

o




oy$m, and ntn components). The atomic Auger matrix elements, Pyi1:
are obtained from experimental and theoretical results for neon.
The relative magnitudes utilized in this work are Pxase = 0.8, Pray
£ 0.5, and Pxyp = 1.0 as reported previously [19]. I(E) is the
Hilbert transform of the DOS and the R are core hole screening
factors as defined below.

In eqs. (1) and (2), AU is the effective final state hole-hole
correlation parameter equal to the difference between the one-
center and two-center repulsion integrals (i.e. U;-U;2)}, and ¢ is
the effective hole-hole repulsion for completely delocalized holes
roaming about the entire molecule [15). AUxar, 84a', and the
normalization constant B are obtained empirically from the best fit
of eq. (1) to the experimental line shape. The subscripts ax' on
the AU and 8 parameters are to make explicit that these parameter
vary with the nature of the orbital combination; i.e. we allow just
three different AU’s and é’s, namely for the oo, or, and nn
contributions.

We have shown previously (20] that in covalent systems,
intermediate levels of localization can occur. The holes may
localize from a molecular oribtal to a "cluster” orbital, or
further to a bond orbital. A simple examination of the MO's for
the alkenes suggests strongly that the appropriate local orbital is
the planar arrangement of three sp? bond orbitals about a single
carbon atom for the o bands, and a single p orbital for the n bands
[15]. 1In light of the above, the 4U’'s can be interpreted in this
work as the difference between the hole-hole repulsion when two

holes are localized on the same local (cluster or atomic) orbital




verses when they are localized on different neighboring local
orbitals.

The pOS for ethylene was obtained empirically froa x-ray
emisgion (XES) [21) and XPS [22)] data in a procedure described
previously {15]}. Briefly the XES spectra reflect the o, and n DOS,
the XPS apectra reflect primarily the o, DOS (actually oce¢
(1/14)(open)) [23]. The DOS components were weighted to provide an
electronic configuration of oeopt-Sn1.9,

The factors Ri in eq.(1) are to make our theory consistent
with the previously derived final state rule for Auger line shapes
[24]. The final state rule indicates that 1) the shape of the
individual 11’ contributions should reflect the DOS in the final
gtate, and 2) the intensity of each 11’ contribution should reflect
the electron configuration of the initial state (24)}. For the kvv
line shape, the final state is without the core hole. We assume
that the DOS in the final state and ground state are similar, so
the spectral shape should reflect the ground DOS, However, the
initial state in the kvv process has a core hole, therefore the
relative intensities should reflect the electron configuration of
the initial-core-hole (CHS) state. The R; factors are defined,

Ry = fpcus,iterde/ [pritedde,
to include this effect. In systems where a single 1 component
dominates the core screening, such as in the chemisorbed species,
these R factors can significantly alter the total line shape. 1In
ethylene, all 1 components change similarly, so that the R, factors
can be ignored (15].

A resonant Auger satellite arises when Auger decay occurs in

the presence of a localized electron, which can be created by




resonant excitation into an excitonic or bound state upon creation
of the core hole (25}, The excited electron can either be 8
spectator to the Auger decay or participate in it, producing the
ke-vve or ke-v contributions, respectively.

The resonant line shapes can be obtained from the one-electron
DOS. The spectator case has a two-hole final state so that a self-
fold of the DOS is appropriate. Correlation effects can again be
introduced by utilizing the Cini expression. However, the
spectator electron can screen the two holes and reduce the hole-
hole repulsion. 1In this work we assume correlation effects are
negligible in the ke-vve satellite so that its line shape is given
simply by the DOS self-fold [15]. The ke-v satellite has just one
final state hole, s0 its line shape is given accurately by the one-
electron DOS. Like for the kvv line shape, energy shifts to higher
binding energy are again required [15]. &éxe-vve is approximately
equal to Uve - Uxe and Sge-.v to E¢ + Uke. Here Uxe and Uve are
equal to the core- (or valence-) hole, excited-electron attraction
energy, and E, is the excited-electron binding energy in the
absence of the core hole. E, ¢+ Ux, is the binding energy in the
presence of the core hole.

Initial-state shake, kv-vvv, satellites arise when Auger decay
occurs in the presence of a localized valence hole, which was
created via the shake-off process during the initial ionization
[26)}. We have determined previously that the line shape for the
kv-vve satellite in alkenes can be approximated by a self-fold of
the DOS, but with twice the AU and & parameters [15].

Final-state shake. k-vvv, satellites arise when Auger decay

occurs simultaneously with shakeoff of a valence hole [26]. The




energy required for the shakeoff process decreases the kinetic
energy of the Auger electron, s¢ that the k~vvv satellite appears
as & rather structureless contribution over a wide range of
energies near the bott;h of the total line shape. We have utilized
[15] a function due to Bethe to approximate this lineshape. In
general, one can expect approximately the same amount of final-
state as initial-state shake, so that these two satellite
contributions should have comparable intensity {15].

Table 1 summarizes the regsults found previously for ethylene
[15). Note that the kvv principal co_mponent accounts for only
about half of the total KVV line shape. The kv-vve and k-vvv
shakeoff satellites have almost equal intensity, which is about
equal to the probability for shakeoff. The é's for the kvv
contribution are relatively large, around 10 eV. ége-.vve is
reduced to 3 ev due to the screening of the nt electron as
indicated above. &xes-v , which as indicated above should be equal
to the binding energy of the n* orbital in the presence of a core
hole, is 7 eV, consistent with that indicated by core-hole

absorption spectra [15].

2.b The ethylenic line shape

The chemisorption of ethylene at low temperatures is molecular
for most metal surfaces. HREELS of molecular ethylene have been
reported for Pt(111), Pd(111), Pd(100}, Rh(111), Ag(110), Ru(t00),
Cu{100), Fe(110), Fe{111), Ni(111), Ni(110), and Ni{5(111)x(100)}
(see refs. 1-11 in [3)), as well as for Ni(100) {2,3). The
molecule is believed to lie bonded with the C=C bond parallel to

the surface for all but Ni(111) and Fe(110}) {3]. It has been shown
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that ethylene chemisorbed over Cu(100), Ag{(110}) and Ni(100) at
lower teamperatures retains most of its n character, adsorption over
most of the other surfaces is accompanied by rehybridization and
di-oc bonding to the substrate {3]., Multiple scattering Xa
calculations [27) for ethylene on Ni(100), model ed by a 10-atom Ni
cluster, reveals that charge donation occurs from the CaH. =
orbital to a Ni o4¢ orbital, and corresponding back-donation of
charge into the CyH4 n®* orbital. The Ni levels near the Fermi
energy are virtually unaffected, the valence o orbitals appear to
uniformly shift to higher binding energy by about 1.5 eV, the n
orbital remains nearly unshifted [27].

The above indicates that the Auger line shape reported by Koel
{11} for ethylene chemisorbed on Ni(100) at 100K (see Fig. 1)
corresponds to that for n-bonded molecular ethylene. The Auger
data reported by Koel was x~ray excited to reduce beam damage
effects. The line shape given in Fig. 1 results after a linear |
background has been sub tracted, and an inelastic and elastic
backscattered spectrum has been deconvoluted from the raw data
{4,11]. Details of this normal Auger data treatment have been
given several times before [28]. This deconvolution procedure is
necessary to remove the large secondary electron and extrinsic-loss
contributions which appear in any line shape taken from a solid.
This data treatment is not necessary for line shapes taken from
gases [15). The similarity in spectral line shape between the
extrinsic and intrinsic (i.e. the k-vvv process) loss contributions
means that all of the k-vvv satellite contribution is unavoidably

removed from an experimental KVV line shape for the solid.




We will model the ethylenic one-electron DOS by using th: )08
obtained previously [(15] for gas phase ethylene. 've will include
the Auger contrlbution{ arising because of the partial electron
occupation of the n* orbital in the chemisorbed state by including
separate VV, Vnt, and n®*nf contributions, where V irdicates
collectively the normally ococupied valence orbitals.

The VV contribution should be directly relatable to that
utilized for gas phase ethylene. MNowever, a major difference
arises because, in the final state, charge transfer from the
subgtrate into the n* orbital occurs to screen the two or three
holeg left by the Auger or shakeoff-Auger process. This charge
transfer into the nt® orbital is known to occur for CO and NO
chemisorbed or metals [29), and it has been indicated earlier for
other unsaturated [30) and even saturated (31] molecules. This
charge transfer has the affect of decreasing the AU and §
paramcters; the transferred charge playing the role of the
resonantly excited electron in the gas phase as reflected in the
resonant satellite. Indeed, the line shape for the principal kvv
contribution to the VV component should be similar to the ke-vve
line shape for ethylene, i.e. a DOS self-fold with AU = 0.

Resonant satellites do not appear in the VV contribution
because Keol excited it with Mg Ka non-resonant x-rays {111].
However the V®nt® contribution should be similar to the ke-v
contribution for ethylene gas since both should reflect the one-
electron ethylene DOS. We must fold the ethylene DOS, peta, with
the n* DOS. In the LCAO-MO approximation, the n* orbital mixes
with much of the Ni 3d valence band [32), indeed the hole left by

the Auger decay involving the n® orbital probably ends up in the
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Ni. Therefore we fold p with the Ni 3d DOS as obtained from band
calculations [33), and as indicated in Fig. 2a.

Finally as mentioned above, Salmeron et al. (8] and Netzer [9]
have noted the presence of "inter" =-atomic or -molecular features
near the top of most Auger line shapes of chemisorbed line shapes.
These are again probably facilitated through an intra-atomic n&nt
Auger process, but which ultimately appears inter-atomic in
character because both holes end up on the substrate. Thus we
model the n*n% line shape by utilizing the Ni LsVV Auger line shape
[34). This line shape reflects a self-fold of the d-DOS, but with
significant correlation effects consistent with the Cini-expression
[35). The Ni L,yVV line shape is shown in Fig. 2b on a two-hole
binding energy scale relative to the vacuum. This was obtained
from the experimental kinetic energy scale utilizing an L3 binding
energy of 855 eV and a work function of 5 eV [35]. This line shape
was utilized unshifted for the VV component in Fig. 1b.

Each of the three components (i.e. the VV, Vns,6 ntne
components) will also have a kv-vvv satellite contribution. The
kv-vvv satellite contribution to VV should be similar to the kvv
contribution in ethylene gas (i.e. the kve-vvve line shape in the
chemisorbed molecule should be similar to the kvv line shape in the
gas). The kv-vvv line shapes for the Vn* and n*n® components were
assumed to be the same as the principal kvv contributions. A
constant energy shift {i.e. 14 eV) to higher binding energy to
account for the larger repulsion of the 3 final state holes in the
kv-vvv process was included for all three components . The kv-vvv
satellite was fixed at 20% of the kvv contribution for all three

components. The energy shift and the 20% relative intensity of the



13

kv-vvv satellite was determined to give optimal agreeament with
experiment. A final-state shake k-vvv satellite eéntribution does
not exist in the ethylenic line shape because it has been
substracted out in the %ackground and deconvolution processes as
mentioned above.

Table 1 summarizes the individusl components. The total
theoretical line shape was generated by a linear least squares fit
of the three (i.e. the VV, Vrs, 17t1*) components to experiment.
Fig. 1b shows each component and compares the total theoretical
line shape with the experimental one. The agreement between theory
and experiment is good; all features present in the experimental
line shape appear alsc in the theory with nearly the same energy
and relative intensity, except for the feature around 26 eV which
is a little too large in the theory. This is comparable to the
peak at around 40 eV in ethylene gas (see Fig. la) where the theory
is similarly too large. In the gas phase, this over-estimate was
attributed to the absence of multiplet effects in the theory. This
may also be the problem for chemisorbed ethylene, although these
effects are expected to be reduced because of the screening charge
transfer from the substrate.

The relative intenaities of the four components can be
understood within the final state rule, as defined above. The
electronic configuration per carbon atom in the ground state of the
chemisorbed ethylene, assuming charge neulrality, is nominally
oint-1nts, where the x indicates the n bonding and n* back-bonding
charge transfer involved in the interaction with the metal
substrate. Upon creation of the core hole, we assume the valence

electronic configuration, again assuming charge neutrality, becomes



oIninty or Vinty, where y is the net charge transfer in the
presence of the initial core hole. The relative intensities of the
components, VV: Vnt: nex* ghould then be 18:8y:yt!, or upon
including the Pui:! matrix elements 13:7y:y%, Best agreement with
the results obtained from the fit to the experimental lineshapes as
reported in Table 1 is obtained when y=1.3, which gives relative
intengities of 55:38:7 (total normalized to 100) compared to
$6:34:10 in Table 1. The 1.3 total electron transfer is consistent
with the 1.3 core hole screening electrons found in benzene as

determined from ab-initio theoretical calculations (12].

3. The "acetylenic" line shapes

The line shapes for ethylene at 250 and 300 K, obtained by
Koel{11] and shown in Fig. 3, are different from those at 100 K,
suggesting either decomposition of the ethylene or at least
rearrangement on the surface. HREELS (2,3] data indicates that
just below 250 K, C3;Hs decomposes into C;Hs + H;, the Ci:H¢ existing
as di-o bonded acetylene on the surface of Ni(100). This still
leaves the basic ethylene backbone (i.e. one C-C n bond); however,
now two o adsorbate-substrate (C-M) bonds are involved instead of a
single n C-M bond as at 100 K. Thus we anticipate that the Auger
line shape is composed of three components as above, only now we
label them the VV, Vo, and oo components. The VV component is
exactly as that found above, but the oo component should be
different from the n%n® component.

We approximate the C-M o bonding DOS by utilizing the DOS for
transition metal carbides, in this case that for C chemisorbed on

Ni. The approximate carbidic DOS can be obtained from two
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different sources. Rosei et al. (38)] obtained UPS data for
earbidic overlayers obtained by.holtlnl a Ni (111)'lurfuce at 200~
250 *C in CO. The difference between the UPS8 (hv = 35 eV) spectrs
for the clean and carburized (0.3 ML carbon) Ni surface is given i{n
Fig. 2c. This difference spectrus is compared with the LCAO-MO
calculated DOS obtained by Feibelman {37] for a (1xl) overlayer of
C atoms on an ll-layer Ru(0001) filam. The calculated results
indicate that the narrow feature near the Fermi level in both the
empirical and calculated "DOS" is due predominsntly to a non-
bonding pa-orbital. The broad feature between 2 and 8 eV arises
primarily from the bonding pi:, orbitals, and the feature around 11
eV arises mainly from the s orbitals. Reasonable agreement between
the empirical and theoretical DOS is found except for the "s°
feature. It is sharp and around 11 eV in the calculated DOS, very
broad and centered at 15 eV in the empirical DOS. The slow tailing
off of the empirical "s" feature may be an artifact of the
subtraction procedure, but more likely it is due to the presence of
-CH carbene species which are also known to reside on the surface
[16]. The carbene species are expected to have the "s" feature at
significantly higher binding energy, thus explaining the tailing
off of the "s8" feature in the Rozei data. Comparison of self-folds
with the experimental carbidic Auger line shape [15) suggests that
the 8 DOS should peak around 13 eV. For the work to be described
below, we will utilize the theoretical DOS, but with the s feature
shifted to 13 eV binding energy.

The self-folds of the theoretical and emp_irical DOS are
indicated in Fig. 2d. The self-fold of the theoretical DOS was

Gaussian broadened by 2 eV. Comparison of the ¢ and n* C-M bonding
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DOS and the n*nt and oo kvv components, as we have approximated
them, indicates very significant differences exist between these
these two chemisorption bonds. Although the dominant feature in
both components falls at 14-16 eV, the oo component has significant
contributions down to 40 eV, whereas the n*n® contribution extends
down to only 20 eV. The large differences in the DOS means that
the cross-folds (i.e. the Vo and Vrn?) will also be different.
These differences in the component line shapes, and differences in
the relative intensities of each component, we believe are the
reasons for the differences in the total Auger line shapes at 100
and 250 K.

We wish to emphasize the basic differences between the o and n
adsorbate-substrate bonds as we believe they are reflected in the
Auger line shapes. The weak » bond does not significantly alter
the Ni DOS, as suggested by MS-Xa calculations [27], thus it only
provides a means for the charge transfer so that the final state
Auger holes may end up on the substrate Ni atom nearest the
ethylene. Our utilization of the Ni DOS and L:,VV line shape above
reflects this assumption. On the other hand, the stronger o C-M
bonds do alter the Ni DOS, and we assume a carbidic C-M bond
character. Our utilization of the carbidic DOS and self-folds
reflects this assumption.

Our previous studies [38) of the metal-carbide C KVV Auger
line shapes (39,40] have indicated that the hole-hole correlation
effects decreage as the heat of formation of the metal carbides
decreases. Since Nij;C is thermally unstable (i.e. has a negative
heat of formation), the Nij;C Auger line shape should have little or

no correlation effects [41-43) , and this is consistent with our
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findings [16]. Therefore we approximate the three coamponents to
the 250 X Auger line shape by simple folds of the ;ppropriate DOS.
The kv-vvv contributions to the components are approximated also by
simple folds, however éonli:tent with the 100 K spectrum, the kv-
vvy contributions were shifted to 14 eV higher binding energy to
account for the hole-hole repulsion of the 3-hole final state. The
relative intensity of the kv-vvv to kvv components was varied, but
best agreement with experiment was found at 20 X, consistent with
that found for the 100 K spectrum.

The optimal fit of the 3 components, VV, Vo, and oo, is shown
in Fig. 3a, the relative intensities and description of each
component is given in Table 1. The oo component was shifted 2 eV
toward the Fermi level to provide better agreement with experiment.
A similar shift was required to give optimal agreement for the
carbide line shapes [16]. This shift simply suggests that the
carbide DOS utilized to approximate the oo component must be
shifted by 1 eV to better approximate the C-M DOS in chemisorbed
systems. Reasonably good agreement is found in Fig. Fa ; howvever,
not as good as found for the 100 K spectrum shown in Fig. 1b. This
may result from the deconvolution process, which is the most
uncertain near the bottom of the spectrum, where most of the
disagreement lies. Alternately, it may result from a breakdown in
our approximation for reasons to be described below.

Comparison of the VV:Vo:oo relative intensities to that found
for VV:Vns:n®*nt pbove reveals a significantly greater substrate-
substrate contribution in the 250 K spectrum. This is to be
expected in the intimately o bonded adsorbate at 250 K, because

even in the ground state some C-M charge transfer occurs.
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Quantitatively, the relative VV:Vo:oo component intensities
(28:49:23) suggest an electron configuration per carbon atom in the
core hole state of around (C-C,H)?*{(C-M)s.8, The notation here
indicates that each C atos has 3 electrons shared in C-C and C-H
bond orbitals and 2.5 electrons in the C-M bond orbitals. Since
the agreement between the theoretical and experimental line shapes
in Fig. 3a is not real good, a considerable uncertainty exist in
the relative component intensities, and thus in the electronic
configuration above. Nevertheless, this electronic configuration
is plausible if one makes the reasonable sssumption that 1 electron
is shared in each of the C-C, 2 C-H, and C-M bonds in the ground
state, and that 1.5 additional electrons transfer from the
substrate into the C-M bond orbitalas in the presence of a C core
hole. The magnitude of this charge transfer is slightly greater
than the 1.3 electrona found for = bonded ethylene above, and is
consistent with the more intimate o bond to acetylene. However, we
cannot be sure that this difference is significant because of
uncertainties in the component intensities here.

The Auger spectrum reported by Koel [11] at 300 K (Fig. 3b) is
different again from that found at 250 K. HREELS data suggests
partial decomposition to a carbene species (CH}, and perhaps also
to acetylide (-CiH), in this temperature region (2,3}. Further
heating to 600 K gives yet a different spectrum, which we show
elsewhere (16] is due to =CH on the surface. If the formation of
acetylide is negligible, then the 300 K spectrum should be a sum of
the line shapes for CH and di-o bonded acetylene (-CH3zCH;-}. We
test this by fitting the experimental 250 and 600 K spectra to the

300 K spectra. Fig 3b shows an excellent fit. Table | shows that




the relative intensities are 38% CH and 65% -CH1=CHs-. This
indicates that the formation of acetylide is indeed negligible at
300K, or that the acetylide Auger lineshape can be approximated as
a linear combination of the lineshapes for asCH and -CH:=CH;~. The
latter is unlikely, since acetylide (-CmC-H) has C=C character,
while -CH3=CH3- has CzC character.

4. Graphite

Fig. 4 compares the C Auger line shapes for bulk graphite [12]
and graphite chemisorbed on the surface of Ni(111) [{6]. The
chemisorbed graphite gspectrum was obtained from CO/Ni(111) heated
to 650 K {6]. A similar spectrum is obtained upon heating
CiHe¢/Ni(100) above 650 K (11). Both the bulk and chemisorbed
spectra result after background removal and deconvolution of the
loss features as described by Houston et al. [6].

The differences in the two graphite spectra can be attributed
to the charge transfer from the substrate to the carbon atom with
the Auger initial-state core-hole just as for ethylene above. We
again fit three components to the chemisorbed spectra, namely the
VVv,Vnt, and n®n? components. We assume the VV component line shape
is the same as that for bulk graphite. The Vn* component is
obtained from a fold of the graphite DOS with the Ni DOS, and the
ntn* component line shape is assumed to be the same as the Ni Li,VV
line shape, just as assumed above for ethylene/Ni at 100 K. Table
1 gsummarizes the components, and Fig. 4 shows the optimal fit to
the experimental spectrum. The fit is good except for the region
around 10 eV,

The relative component intengities, VV:Vne:ntn®t = 85:11:4 can

again be used to calculate the charge transfer from the Ni
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substrate in the presence of a carbon core hole. We can use the
expression derived above for ethylene, namely 13:7y:yt,
Unfortunately, the relative component intensities above do not
provide a consistent value for the charge transfer, y, as they did
for ethylene. The ratio V»*:VV gives y z 0.24, while the nens:VV
ratio gives y z 0.78. However, the relative intensjty of the nent
component is very uncertain because around 10 eV, where the ntns
component dominates, the theoretical and experimental line shapes
are in poor agreement. Therefore, we accept the 0.24 electron
transfer. This is considerably less than for ethylene. We
attribute this decreased charge transfer in graphite to the greater
intra-adsorbate n electron screening expected in s fully developed
two-dimensional monolayer of graphite [12). The decreased
substrate screening also accounts for the lack of a significant
change in the VV component line shape from the bulk line shape. We
have shown previously that the bulk line shape contains significant
correlation effects, with AU of the order of 4 eV in the oc
components [12]. Apparently on the surface of Ni, no significant

change in aU occurs.

5. Discussion and Summary

Comparison of the results summarized in Table 1 and Figs. 1-4
reveals some interesting points. First, note the trend in the
optimum shakeoff intensity, kv-vvv/kvy, found for ethylene vs. that
for the chemisorbed molecules (37% vs. 20%). This intensity ratio
is a direct measure of the probability for the shakeoff "hole" to
remain on the atom with the initial core hole to "witness” the

Auger decay. It is amaller for the adsorbate, obviously because
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the shakeoff "hole" has & significant probably for escape through
the adsorbate-substrate bond (i.e. electron transfer from the
substrate). Escape before the Auger decay results in a normsl kvv
contribution. In bulk graphite, no kv-vvv satellite appears at
all, because the shakeoff hole does not remain on the atom with the
initial core hole, but propagates throughout the graphite [12].
This is still true in the graphitic over layer.

The second point concerns the correlation effects as indicated
by the AU parameter. In the n-bonded ethylene case, AU is zero for
the kvv contribution to the VV and Vn® components, but not for the
ntn? component, since in the experimental L;sVV Auger line shape
utilized for n*ne, AU is known to be around 2.5 eV [(34]. This may
appear inconsistent at first. However, AU is very dependent on the
spatial arrangement of the two final state holes. The 4sp valence
electrons cannot effectively screen two holes in the relatively
local d orbitals on & single Ni atom (U;1). Holes on two different
Ni atoms (U;:) are easily screened. Hence the effective 4U (= U;1-
Ui2) in bulk Ni, or in this case for the ntn* component, is
significant. In chemisorbed ethylene, the two holes on a single C
sp? cluster orbital are apparently easily screened by the » and n
electrons in the adsorbate, hence AU is negligible in the VV
component. Likewise, AU is expected to be small in the Vn¢
component. For di-o bonded acetylene, AU is found to be negligible
for all three components. Here AU is zero for the oo component,
because two holes in the more delocalized C-M o bonds are easily
screened by the Ni metallic electrons [38]. AU is zero for the VV
and Vo components just as for chemisorbed ethylene.

The correlation effects in the graphitic overlayer are also

W wsam
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very interesting. The VV component is the same as for bulk
graphite, where large correlation effects are present, VWe
suggested previously [15) that this probably arises because of a
decrease of U,; by screening, leaving AU relatively large. The
snall charge transfer from the Ni subatrate does not change this in
the overlayer. However, the poor sgreement around 10 eV between
the theoretical and experimentsl lineshapes for the graphitic
overlayer suggests that our approximation of the ntn® component by
the LisVV Ni lineshape is not a very good one, although it was fine
for chemisorbed ethylene. Fig. 4 suggests that better agreement
would have been obtained if we had utilized a simple fold of the Ni
one-electron DOS, which would have peaked much closer to the Fermi
level. This suggest a most interesting "reverse” (graphite to Ni)
screening process; i.e. when both holes end up on the Ni substrate,
the graphitic overlayer apparently causes AU to be less than for
pure Ni. Although the diffuse Ni 8 valence electrons cannot
effectively screen two localized d holes, the electrons in the
graphitic » and n* orbitals, which are intimately bonded with the
surface Ni d orbitals, apparently can effectively acreen these two
d holes.

We have also indicated previously that the & for the kvv
contribution reflects the repulsion of two holes delocalized about
the entire molecule, but that the 8 for the kv-vvv contribution
reflects the repulsion of holes localized on a methyl-like cluster
orbital. This is consistent with the data in Table 2. Upon
chemisorption of the ethylene, the 8 for the kvv contribution
reduces from 9 eV to 0. The electron transferred from the metal

obviously screens very effectively the two holes delocalized about




the molecule. However, the 6 for the kv-vvv contribution decr:uses
from 18 eV to just 14 eV. As one might expect, the transferred
electron cannot effectively screen the two holes localized on a
single methyl-like cluster orbital.

Finally, we should point out a significant difference in
character between the gas phase and chemisorbed hydrocarbon Auger
line shapes. In the gas phase._thc C+C and C-H bonds are all
similar in nature, so that delocalized molecular orbitals are
formed, which are characterized by the global symmetry of the
molecule. However, the Auger line shape reflects only the self-
fold of the DOS, which obscures all but the gross features of these
DOS. Thus, the comparable alkanes and alkenes have very siamilar
DOS self-folds (e.g. those for ethane vs. ethylene, cyclohexane vs.
benzene, and graphite vs. diamond are surprisingly similar). The
experimental line shapes do reflect significant differences
however. We have shown that thia arises because of the different
correlation effects in the oc vs. the =nn contributions (i.e. AU is
around 2 eV in the oo contributions and 0 in the nn contributions).
But, on the surface, all hole-hole correlation effects are
effectively removed because of the charge transfer from the metal,
80 that the experimental line gshapes now do reflect primarily the
DOS self-fold. But now the bonds are not all similar, since the C-
H and C-C bonds are very different in character from the C-M (metal
substrate) bonds. In this case some molecular orbitals (MO’'s) are
localized primarily on the molecular adsorbate, and some on the C-M
adsorbate-substrate bond. Thus the experimental line shape clearly
has regions at higher two-~hole binding energy which reflect the

intramolecular MO's and those at lower binding energy which reflect

AT




the C-M MO's, Furthermore, we have shown that the self-fold of the
intramolecular MO's can be approximated by the DOS self-fold of the
gas phase molecules at least for the case of the weakly n bonded
ethylene. In the case of the di-¢ bonded acetylene, the
experimental line shape does not agree with the theoretical
lineshape as well as we might have hoped. This may result from a
breakdown in this approximation.

In sumsmary, we have consistently interpreted four different C
KVV Auger line shapes, namely that for ethylene/Ni(100) at 100,
250, and 300 X, and for graphite on Ni(111). We have shown that
the intra-adsorbate (VV) components reflect the DOS of the gas
phase molecule, or the bulk solid in the case of graphite, so that
the chemisorption bond can be treated independently from the intra-
adsorbate contributions. For ethylene, intra-adsorbate correlation
effects are reduced to gero because of charge transfer from the
substrate, so that the various contributions to the line shape are
significantly differently than for the gas phase. This in fact
makes the Auger line shape for the adsorbate more directly reflect
the molecular DOS than for the gas phase. In graphite, no
significant reduction of the correlation effects is seen on the
surface so that the VV component of the chemisorbed line shape and
the bulk line shape are the same.

Significant adsorbate-substrate Auger components (Vrn® and ntn?
or Vo and oc) are evident. These directly reflect the o or n
chemisorption bond character. The extent of charge transfer from
the metal to the adsorbate, in the presence of a core hole, is seen
directly from the intensities of these components, as well as from

the changes in the VV component line shapes.




We suggest that Auger spectroscopy can be used to find
valuable information sbout chemisorbed systems, and that it can be
effectively used with qther spectroscopies in the study of
catalytic reactions and Fischer-Tropsch synthesis.
Acknowledgments: The authors would like to thank B. E. Koel for
making his experimental Auger data available before publication.
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Table 1

Summary of components comprising the theoretical Auger line shapes.

Component Basic Ay [ Intensity¢
Character? (ev) (eV)
Ciliy_gas
Vv: kvv Petrtpesn 8US 81(9) 54
kv-vvy " 22U 26t(18) 20
k~vvv Bethe - - 15
ke-vve Peta¥pPerd 0 3 13
ke-v Petd - 7 2

CiH¢/Ni(100) at 100 X:_ n bonded ethylene

VY: kvv Peratpah 0 0 45 L 56
kv-vvv " aye 4+5(14)s 11 j

vne  kvv Petatpon) 0 0 27 } 34
kv-vvy " 0 14 7

nens Kvv Ni Laavv 2.5° 0 8 r 10
kv-vvv " 2.5* 14 2}

CiHe/Ni(100) at 250 K: di-o bonded_acetylene

vv kvv Petstpera 0 0 22 , 28
kve-vvv " 0 14 6 !

Vo kvv PetatpPcarnd 0 0 39} 49
kv-vvv " 0 14 10

oa  kvv Pcars¥pcars 0 -2 185 23
kv-vvv " 0 121 5

CaHa/Ni(100) at 300K

CiHa/Ni at 250K: di-o acetylene - - 65

CaH¢/Ni at 600K: carbene (CH) - - 35

CO,H3/Ni(111) at 650K:_graphitic

vv kvv bulk C Kvv AU 0 85
kv-vvy - - - 0

vnt  kvv Peraprtpuy 0 0 it
kv-vvv - - - 0

nins kvv . Ni Ljyvv 2.5¢% 0 4
kv~-vvv ~ - - 0

&>



*This column indicates the basio source of the component line
shapes, such as a fold (ptp) of the indicated density of states
(the DOS of either gas phase ethylene, bulk Ni, Ni,C, or bulk
graphite), the experimental Auger lineshapes (the Ni LisVV or bulk
graphite $5¥VV). or tha theoretical Bethe line shape as described
in Ref. ¢

*The effective hole-hole correlation paraseter in eq. (2).

tThe effective de-localized hole-hole repulsion parameter in eq.
(2).

fRelative intensity normalized to 100

*Signifies values of 2 eV for the oo orbitals, 1 eV for the on, and
0 for the nn,

tSignifies values of 9 eV for the oo and 11 eV for the on and nn
orbitals., The 9 eV is indicated in parentheses above.

tSignifies values indicated in f above plus § eV, providing a
values of 14 eV for the oo orbitals.

*Although the experimental Ni LisVV Auger lineshape was utilized,
the effective AU has been shown to be around 2.5 eV, see Ref. 35.

iThe oc component was moved 2 eV closer to the Fermi level for
optimal alignment; see text.

JAlthough the experimental C KVV Bulk graphite Auger lineshape was
utilized, the effective AU's have been shown (Ref. 15) to be the
same as for gas phase ethylene, which are indicated in e above.

tAs indicated in h above, the effective AU in the experimental Ni
L23VV lineshape is 2.5 eV; however, Fig. 4 suggests that it should
be much smaller. In the text, we attribute this indicated decrease
to reverse (i.e. graphite to Ni) electron screening in the Auger
final state.
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Fig. 2

Fig.

3

3l
Figure Captions

a) Cosparison of the C KVV experimental and theoretical
Auger line shapes for ethylene gas as reported previously
1156), The various contributions (kvv, kv-vvv, k-vvv, ke-
v, ke-evv) were obtained as described in the text and in
ref. 15, and are suamarized in Table 1.
b) Comparison of the experimental and theoretical Auger
line shapes for ethylene chemisorbed on Ni{100) at 100 K
(n-bonded ethylene). The experimental data was obtained
by Koel (11]. The three component (VV, Vn®, ntn®) line
shapes were obtained as described in the text and
summarized in Table 1. The relative intensities were
obtained by least squares fit to the experimental data.
a) The calculated Ni bulk dengity of states as obtained
from ref. 33 and utilized here to represent the nt
adsorbate-substrate DOS

b) The experimental Li3i:VV Auger lineshape of Ni metal
{34,35) (i.e, the ntn* component).

c) Comparison of the empirical Ni carbide DOS as
obtained by Rozei [36) from photoemission data and by
Feibelman {37) from theory as described in the text, and
utilized here to represent the o adsorbnte-substraté DOS .
d) The self-folds of the empirical and theoretical
carbide DOS (i.e. the oo component). The self-fold of
the theoretical DOS was Gaussian broadened by 2 eV.

a) Comparison of the experimental {1i1] and theoretical

Auger line shapes for ethylene on Ni(100) at 250 eV (di-o




Fig.

4.

M4

bonded acetylene). The three component (VV, Vo, o) line
shapes were obtained as deacribed in the text and
summarized in Table 1. The relative intensities were
obtained by least squares fit to the experimental data.
b) Same as the above except for ethylene on Ni(100) at
300 XK. The two components are the experimental line
shapes obtained at 250 K (di-o bonded acetylene) and at |
600 K (CH).

Comparison of the experimental [6]) and theoretical Auger

line shapes for chemisorbed graphite on Ni(111). The

component (VV, Vn®*, and n*n?®*) line shapes were obtained

as described in the text and summarized in Table 1. The

relative intensities were obtained by least squares fit

to the experimental line shape.
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